Though microlens arrays have been used to enhance luminance efficiency and luminance power efficiency of light-emitting diodes (LEDs) and organic LEDs, the influence of the parameters of a microlens array on the efficiency improvement has not been systematically discussed. In this study, the influences of the edge length and the gap of the microlens array on the luminance efficiency, CIE index and optical emitting spectrum of planar OLED devices will be explored. Additionally, a method of analyzing the performance of the luminance efficiency improvement of the device per single microlens in a microlens array of known microlens number density is to be demonstrated.
Introduction
The next-generation planar light sources, either for general lighting or backlight of flat panel display, should have four well-known properties: energy-saving, low thickness, lightweight and environmentally protective. Therefore, lightemitting diodes (LEDs), electroluminescent (EL) devices and organic light-emitting diodes (OLEDs) are regarded as the three potential candidates for the next-generation light sources.
For the LEDs, their unique features, such as very high luminance, extremely long lifetimes and low power consumption, make them an ideal point light source. The LEDs, however, are not economically favorable for the applications of a planar light source due to the relatively high cost of the light modules. For the ELs, they are flexible, thin, lightweight, environmentally friendly and economical in manufacturing, but the luminance of the ELs is not high enough for the purpose of general lighting or for backlight of flat panel displays. The ELs are thus only suitable for the applications of the planar light source that only require low luminance. As for the OLEDs, they are actually the planar light source with medium luminance. They are energy-saving, thin, lightweight and environmentally friendly sources, though the raw materials of OLEDs are now costly. The OLEDs seem to be the best choice for the next-generation planar light source for medium luminance, once the expected cost reduction of the raw materials is realized.
If these three types of light-emitting devices are to be used as planar light sources, the first effort required is to improve their power or luminance efficiency. Generally speaking, there are roughly two ways to improve the power or luminance efficiency of planar light sources. The first way is to increase the internal quantum efficiency of the devices, which is usually carried out by modifying thin-film structures of the devices. Since modern structure design and manufacturing techniques have pushed the internal quantum efficiency of light-emitting devices very close to their theoretical limits, further improvement of the internal quantum efficiency is limited. The second way is to enhance the output-coupling coefficient or external quantum efficiency of the devices. Consider a device with an external surface made of glass or plastic. Because both the refractive indices of glass and plastic are approximately 1.5, which is higher than that of air (1.0), only about 20-30% of the internally emitted light could escape from the device surface. There is thus a large space for improvement on the external quantum efficiency of the device. Therefore, much extensive research is taking place on this topic.
In order to increase the luminance or power efficiency, many techniques based on destroying waveguiding phenomena have been studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Among these technologies, the fabrication of microlenses [12] [13] [14] is simple and reliable in processing. For example, in 2002, Möller and Forrest [12] fabricated an array of square-based microlenses, in which each individual lens has a length of ∼10 µm, a height of ∼4 µm and a spacing of ∼0.1 µm between lenses on planar OLED devices. Though the shape of the individual microlens is not perfectly spherical, they can improve the external quantum efficiency of the devices by 50%. In 2004, Choi et al [13] used spherical sapphire microlenses, which have a diameter of 43 µm and a height of 1.5 µm, to enhance the external quantum efficiency of LED arrays by 23%. While there are numerous reports on the applications of the microlens array on self-emitting devices, little work has been published on systematic analysis of the effect of lens parameters on efficiency improvement [12] [13] [14] .
Recently, microlens arrays have been widely applied in many optical functions, such as fiber coupling, light gathering and light extraction [12] [13] [14] [15] [16] ; therefore, many fabricating methods have been developed [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Among these techniques, the thermal reflow process makes the surface contour of microlenses most resemble the spherical shape, which is important for the light extraction from planar light sources. The LIGA process is most effective and economical to mass produce microlens arrays. Therefore, the method of combining thermal reflow and LIGA processes seems to be a good choice of the microlens fabrication for the improvement of the power or luminance efficiency on the planar light source.
For the analysis of the efficiency of an OLED device, many physical and optical quantities have been used, such as radiance, radiant efficiency, power efficiency, internal quantum efficiency, external quantum efficiency, luminance, luminance efficiency and luminance power efficiency. Forrest et al [27] discussed in detail the differences among all the meanings of the above-mentioned quantities. In practice, the latter three quantities are most frequently used for the OLED display devices. Forrest et al [27] also pointed out that the luminance power efficiency or luminance efficiency could be equal to the external quantum efficiency of an OLED device when it is measured at a certain viewing angle.
Because of their lightweight and thin structure, OLEDs can be used in liquid crystal display in place of the backlight and backlight module. Furthermore, by using OLEDs, the liquid crystal display has the potential to act as a so-called flexible flat panel display. Since liquid crystal molecules act as a light valve or light switch for the light perpendicular to the display panel, the extraction of the light from the light source into the direction perpendicular to the display panel is important for the enhancement of brightness of the liquid crystal display panel. Since the light-emitting surface is parallel to the surface of the liquid crystal display panel, the enhancement of the luminance normal to the emitting surface of OLEDs by the attachment of microlens arrays is required. In this study, the microlens array was made by the combination of thermal reflow, molding and UV forming methods. The influence of the parameters of the microlens array on the performance of planar OLED devices will be systematically discussed. These parameters include the edge length of the base region of the microlens array, the gap between two neighboring microlenses and the area ratio of the base region of the microlens array to the active area of planar self-emitting devices. The performances of OLED devices focus on the luminance efficiency, CIE index and optical emitting spectrum. Additionally, the parameters for the enhancement of the luminance efficiency of planar OLED devices by an individual microlens with a desired geometrical shape will be deduced from the previously proposed analytical method [14] .
Experimental methods
The process flow for the duplication of the microlens array is depicted in figure 1 . First, the photoresist AZ P4620 bought from Clariant KK Technol. Prod. Dept. was spun on the (1 0 0) silicon wafer and through the photolithography process to make squared base plates. Second, these photoresist plates were put in an oven at a temperature much higher than the glass transition temperature of the photoresist for several tens of hours to transform these plates into the shape of the microlens array on the substrate. Third, the specimen was deposited with a thin nickel film by sputtering and then was deposited with a thick nickel layer by immersion itself in a nickel ammonium sulfate bath using the electroforming technique. Fourth, the specimen was immersed in a hot KOH aqueous solution to dissolve the silicon wafer and the photoresist, in order to release the nickel mold with the concave microlens array on the mold surface. Fifth, UV-hardening epoxy OG152 bought from Epoxy Technology Co. was coated onto a PMMA film, and the nickel mold was placed on the top and was pressed against the PMMA, followed by the exposure of the specimen to a desired dose of UV radiation to harden the OG152. Finally, the duplicated microlens array adhering to the PMMA film was formed after separating the mold from the film.
The schematics of the duplicated microlens array on the PMMA film are shown in figure 2. The edge length of individual microlens in this study is set either at 100, 130, 160 or 190 µm. The gap between two neighboring microlenses is varied in the range from 11 to 68 µm. In order to measure and analyze each set of microlens arrays with the same geometrical shape, the edge length and height of the microlenses are kept constant, when the gap between two neighboring microlenses is changed.
To determine the influence of the microlens array on the improvement of the luminance efficiency of planar OLED devices, two different arrangements for the measurement of luminance are required for comparison, as shown in figure 3 . The first one is direct measurement of the luminance, at the angle normal to the emitting surface, of an OLED device using a luminance meter. The second is to use a refractive-indexmatched oil to carefully adhere the OLED device and the PMMA film to the duplicated microlens array, and then to measure the luminance normal to the emitting surface of the OLED device. In order to simplify the comparison of the OLED device with and without the microlens array, the current density for the planar organic light-emitting device is driven with a set value of the luminance of the device at 500 cd m −2 . All the microlens arrays are then attached in turn to the same OLED device. Therefore, driving currents, driving voltages and active areas of the devices are the same in this study.
The edge length and the gap of the duplicated microlens array are measured with a scanning electron microscope (Hitachi, S3500) and a surface profiler (Tencor, Alpha-Step 500). The luminance and CIE index of the device are measured with a luminance meter (Minolta, CS-100 or CS-1000). The optical emitting spectra are recorded with a luminance meter (Minolta, CS-1000) or a microspectrometer (Ocean Optics, USB2000-UV/VIS). For the angular dependence measurement, the device is fixed on a goniometer stage; the luminance is then measured at different tilting angles from 0
• to 75 • .
Principles
As illustrated in the previous work [14] , if the driving currents, driving voltages and active area of the emitting device are kept the same, the luminance ratio of the device with microlenses (L microlens ) to that without microlenses (L 0 ) should be equal to the ratio of their luminance efficiencies:
where E microlens and E 0 are the luminance efficiencies of the devices with and without the microlens array, respectively. As shown in figure 2 , the area ratio (R area ), as defined previously [14] , of the total area of the base surface of microlenses to the total active area of the device is expressed as
The number of microlenses per unit area, or the number density of microlenses (N microlens ), can also be derived as
Comparing equations (2) and (3), the relationship between the area ratio and the number of microlenses per unit area is described as
As the gap between two neighboring microlenses approaches zero (d → 0), the area ratio approaches unity (R area → 1), the surface of the active area of the device is fully occupied by microlenses and the number of microlenses per unit area is L −2 . Because both the area ratio and the number of microlenses per unit area are varied only by changing the value of the gap for each set of experiments, the geometrical shape of microlenses is the same for each set of experiments. Therefore, the performance of a single microlens with a desired shape on the improvement of luminance efficiency can be extrapolated by varying the value of the gap.
Results and discussion
A typical duplicated microlens array, made from UV-hardened epoxy, on a PMMA film is shown in figure 4 . The edge length and the gap of microlenses are 60 and 11 µm, respectively. The angular-dependent luminance of three types of planar OLED light-emitting devices is depicted in figure 5 . Since the luminance variation of these devices with viewing angle does not exactly follow the cosine function, it indicates that all the devices are non-Lambertian light sources.
When using different types of planar OLED devices and keeping L 0 equal to 500 cd m −2 , the luminance ratios of the devices with the microlens array to those without microlenses are found to increase linearly with increasing area ratios, as depicted in figure 6 . The maximal improvement of the luminance efficiencies normal to the device surfaces is 59%, 56% and 56% for blue, green and red OLEDs when the edge length of the microlens and the gap are 100 and 11 µm, respectively. Though the edge lengths of the microlens used in this study are between 100 and 190 µm and are much larger than the diameter of microlenses used in other literatures [12, 13] , the improvement of the luminance efficiency in this study is quite significant. As illustrated in the previous work [14] , when using the linear regression method to analyze all the data obtained from different types of OLEDs, as shown in figure 6 , a proportional relationship between the luminance ratio and the area ratio can be formulated:
where k 1 is the slope in these curves and k 2 is a constant for each set of microlens arrays, as illustrated in table 1. Actually, k 1 is the enhancement factor of the luminance efficiency of the planar OLED device when the emitting surface of the device is fully occupied with microlenses having a specified geometrical shape and edge length, as explained in the previous work [14] . It is also found that the k 1 values obtained from different types of OLEDs are very close to one another when the parameters of the microlenses are the same. The trends of k 1 versus the edge length of the microlenses are almost the same. As depicted in figure 7 , k 1 obtained from different types of OLEDs increases with decreasing edge length of the microlenses. That is, the smaller the edge length of the microlenses, the greater the enhancement of the luminance efficiency of the device. If the data shown in figure 7 are analyzed using the linear regression method, a proportional relationship between k 1 and the edge length of the microlenses can be formulated:
From equation (6), the maximum improvement of luminance efficiency can possibly reach 115% when the edge length of the microlenses approaches 1 µm and the gap approaches zero. When using different types of planar OLED devices and keeping L 0 equal to 500 cd m −2
, the luminance ratios of the devices with the microlens array to those without microlenses are found to increase with increasing number of microlenses per unit area, as shown in figure 8 . Analyzing the data in figure 8 , a proportional relationship between the luminance ratio and the number of microlenses per unit area can be formulated:
where k 3 is the slope in these curves and k 4 is a constant for each set of microlens arrays, as listed in table 2. In fact, k 3 is the enhancement factor of the luminance efficiency of the planar OLED devices by a single microlens in a microlens array of a designated microlens number density. As shown in figure 9 , k 3 increases with increasing edge length of the microlenses. That is, the greater the edge length of the microlenses, the greater the enhancement of the luminance efficiency of the device by a single microlens in a microlens array of a designated microlens number density. If the data shown in figure 9 are analyzed by using the linear regression method, a proportional relationship between k 3 and the edge length of the microlenses can be formulated:
From equation (8), the improvement of the luminance efficiency can be performed by attaching microlenses with a greater edge length to the device surface. If the microlens array with a great edge length is used to improve the luminance efficiency of OLEDs, the device will become very thick, which does not fulfil the development trend of optoelectronic devices. Since the number of microlenses per unit area is inversely proportional to the square of the edge length of the microlenses, the enhancement of the luminance efficiency of the device is improved when using microlenses with smaller edge lengths attached to the device, as derived from equation (6) . The CIE index and optical emitting spectrum are two important parameters for general lighting applications. Before and after attaching the microlens array to device surfaces, the CIE indices of blue, green and red OLEDs are listed in table 3, when the luminance of the bare devices (without microlens arrays) is kept at 500 cd m (0.605 ± 0.001, 0.385 ± 0.002), respectively, when microlens arrays are attached to the device surfaces. It can be seen that CIE indices are hardly changed when the microlens array is used on the OLEDs. The optical emitting spectra of the OLEDs with and without the microlens array are also almost the same, regardless of the edge length of the microlens or the gap changes. For example, figure 10 shows the optical emitting spectra of red OLEDs and those with the microlens array having different edge lengths and gaps.
Conclusions
The influence of the microlens array on planar OLED devices has been systematically studied. The luminance efficiency normal to the emitting surface of planar OLEDs has been found to increase linearly with the increasing area ratio of the microlens base area to the device area. The luminance efficiency also increases with increasing edge length of a single microlens in a microlens array of known microlens number density. It is also found that the luminance efficiency increases with decreasing edge length of the microlenses when the device surface is fully covered with microlenses. In addition, the CIE index and optical emitting spectrum of an OLED device are hardly changed after the microlens array is attached to the device surface. Consequently, the microlens array not only enhances the luminance efficiency of the planar OLED device but also maintains the CIE index and optical emitting spectrum of the device. Therefore, the usage of the microlens array is quite promising for backlight applications.
